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Bacteria of class Mollicutes (mycoplasmas) feature signiﬁcant genome reduction which makes them good
model organisms for systems biology studies. Previously we demonstrated, that drastic transcriptional
response of mycoplasmas to stress results in a very limited response on the level of protein. In this study
we used heat stress model of M. gallisepticum and ribosome proﬁling to elucidate the process of genetic
information transfer under stress. We found that under heat stress ribosomes demonstrate selectivity
towards mRNA binding. We identiﬁed that heat stress response may be divided into two groups on the
basis of absolute transcript abundance and fold-change in the translatome. One represents a noise-like
response and another is likely an adaptive one. The latter include ClpB chaperone, cell division cluster,
homologs of immunoblocking proteins and short ORFs with unknown function. We found that previ-
ously identiﬁed read-through of terminators contributes to the upregulation of transcripts in the
translatome as well. In addition we identiﬁed that ribosomes of M. gallisepticum undergo reorganization
under the heat stress. The most notable event is decrease of the amount of associated HU protein. In
conclusion, only changes of few adaptive transcripts signiﬁcantly impact translatome, while widespread
noise-like transcription plays insigniﬁcant role in translation during stress.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recent studies have demonstrated that bacteria induce a com-
plex response to a particular stress [1] [2] [3], [4]. This response
involves numerous genes not obviously related to the particular
stress. This phenomenon may result from either imperfect tran-
scriptional control or a complex adaptive response. Bacterial tran-
scription seems to produce a signiﬁcant amount of noise [5] [6],
likely due to imperfect transcriptional control. At the same time,
the adaptive value of numerous changes occurring upon condi-
tional shift can be negligible or even negative, as measured for
Shewanella oneidensis [3].ent of Molecular biology and
cine, Malaya Pirogovskaya 1a,
unov).
B.V. This is an open access article uThese observations may lead to opposite conclusions. One can
speculate that the substantial amount of response at the gene
expression level represents noise and that only a few changes are
adaptive. The noise imposes burden on cell metabolism and may
even impede an adaptive response. However, the evolutionary
development of perfect control is probably not worth the effort
dedicated to achieving this goal [3]. Another concept supposes that
cells in their real environment are subjected to complex challenges
and evolved to simultaneously respond to numerous factors.
Therefore, the response that is barely adaptive in a tube may be
robust in a real niche of a given bacterium and may not be fully
understood under artiﬁcial conditions. At the same time, several
environmental cues can be interpreted in the context of the com-
plex response and can lead to pre-adaptation to the condition that
is not physically linked with the particular condition, but rather is
correlated with it. For example, heat stress may be interpreted by a
pathogenic bacterium as a signal of upcoming inﬂammation.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ularly mycoplasmas, resulted in the loss of most of the conserved
transcriptional control systems. Transcriptomic studies of myco-
plasmas revealed several mechanisms of indirect transcriptional
regulation, including conditional terminators and spurious pro-
moters [1] [2], [7]. However, the observed response demonstrated a
noise-like pattern rather than an adaptive pattern. Heat stress in
Mycoplasma gallisepticum results in the activation of numerous low
abundance transcripts, including antisense mRNAs and the coding
transcripts for small ORFs. Small ORFs have been shown to have an
important function in mycoplasmas [8]. The general upregulation
of sub-optimal promoters and the widespread deregulation of
transcription terminators, which allow transcription to continue
further downstream of CDSs, support an idea of noise-like
response. Despite the numerous transcriptional changes, the pro-
teome was shown to be mostly unaffected [2], [9]. However, the
quantiﬁcation of low fold changes and changes of low-abundance
proteins in complex samples, such as a whole cellular proteome,
is difﬁcult [10]. Therefore, changes important from the adaptive
point of view may have been undetected. The most striking feature
of these ﬁndings is that cells ultimately survive the stress [11]. This
survival, in the presence of minor proteomic changes, may be
explained by the remodeling of protein complexes. Extensive
studies of higher organisms have revealed that the variable sub-
units of the deﬁned protein complexes may signiﬁcantly contribute
to the cell phenotype without changing the primary players [12].
The dynamic effects may contribute to the regulation without
employing the activity of the regulators [13]. General cell simpli-
ﬁcation likely increases the role of regulatory mechanisms other
than the direct regulation of transcription. One can speculate that
the deregulation at the level of transcription is countered at the
level of translation. The majority of transcriptional changes are
discarded, whereas few key modulators are differentially trans-
lated, making the ribosome the primary regulator of cell
homeostasis.
High-throughput technologies have revealed an increasing
number of cases of low correlation between mRNA and protein
levels in bacteria such as E. coli [14], Desulfovibrio vulgaris [15]
and Lactococcus lactis [16]. The regulation of the translation of
single genes or operons is well documented. However, discor-
dance between transcription and translation on a genome-scale
level must depend on a global regulation. Translational regula-
tion may be implemented via antisense RNAs, secondary
structures within mRNAs [17] [18], and regulatory proteins
associated with ribosomes. For example, a subpopulation of
E. coli ribosomes lacking S1 protein preferably translate lead-
erless mRNAs [19]. The stoichiometry of the ribosome compo-
nents may vary in different subpopulations of the ribosomes
within a cell and lead to the functional difference in higher
organisms [20]. Translational regulation may involve the
moonlighting activity of proteins whose known functions are
not related to translation. For example, the glycogen-synthase of
Saccharomyces cerevisiae may regulate the translation of several
mRNAs [21].
A noise-like stress response coupled with stress survival in
genome-reduced organisms is a phenomenon that has to be un-
derstood. Therefore, we analyzed the translatome (the pool of
ribosome-bound mRNA) and the ribosomal proteome of M. galli-
septicum. Using previous data collected for the M. gallisepticum
transcriptome, we studied genome-scale regulation at the trans-
lational level. We used absolute copy number values, fold change
mRNA data and ribosome-bound mRNA and proteomics data to
distinguish between noise-like and adaptive responses.2. Materials and methods
2.1. Cell culture
Mycoplasma gallisepticum S6 was cultured in liquid medium
containing tryptose (20 g/L), Tris (3 g/L), NaCl (5 g/L), KCl (5 g/L),
yeast dialysate (5%), horse serum (10%) and glucose (1%) at pH¼ 7.4
and 37 C in aerobic conditions and were exposed to stress con-
ditions as previously described [11]. Brieﬂy cells were exposed to
sublethal heat stress at 46 C for 30 min. The dose of stress and
absence of massive cell death was previously determined by CFU
test.2.2. Isolation of ribosomes and ribosome-bound RNA
Isolation of ribosomes was performed as previously described
[22]. Chloramphenicol was added to a ﬁnal concentration of 100 mg/
ml to 12 ml of a mid-exponential culture of M. gallisepticum to
quench translation. The cells were incubated for 5 min on ice and
harvested by centrifugation at 4500 g for 20 min at 4 C. Cells from
a total culture volume of 50mlwere resuspended in 500 ml of buffer
containing 20 mM HEPES, 100 mM NaCl, 6 mM MgCl2, 2 mM
spermidine, 100 mg/ml chloramphenicol, 5 ml protease inhibitor (GE
Healthcare), and 200 mm RNAse inhibitor (Thermo Scientiﬁc), pH
7.5. The cells were lysed by adding 15 ml of 10% NP-40 solution.
Lysates were frozen at 75 C for at least 1 h and thawed. Lysates
were centrifuged at 20,000 g for 20 min at 4 C to remove debris.
Then, the lysates were fractionated by centrifugation in a step su-
crose gradient of 10e50% with a step of 10%. The gradient was
formed using a pipet in a 5 ml polycarbonate tube. The sucrose
gradient was created in the same buffer as was used for cell lysis but
without NP-40 or protease or RNAse inhibitors. Fractionation was
performed using an Optima (Beckman Coulter) centrifugewithMLS
50 bucket rotor (Beckman Coulter) at 50,000 rpm (average relative
centrifugal force was 200,620 g) for 1 h at 4 C. Finally, 200 ml
fractions were collected by pipet.
To isolate RNA, 400 ml of TRIzol LS reagent was added to 200 ml of
each given fraction. The mixture was extracted with 200 ml of
chloroform. The aqueous phase was puriﬁed from tRNA using a
PureLink RNA Mini Kit (Ambion). Three biological replicates of
control and heat stress conditions were obtained.2.3. Preparation of the RNA-Seq libraries
Preparation of the libraries was performed as previously
described [2]. Ribosome-bound RNA was fragmented into 200 b.p.
by chemical fragmentation with ZnSO4 buffer and was subse-
quently end-repaired using T4 polynucleotide kinase (Thermo
Scientiﬁc). cDNA preparation was performed according to the
standard protocol for SOLiD library preparation. Ampliﬁed ds-cDNA
was subjected to normalization twice with DSN (double-strand
speciﬁc nuclease, Evrogen). Samples were prepared in three bio-
logical replicates, with one technical replicate per one biological
replicate.2.4. Sequencing and data analysis
Sequencing was performed with a SOLiD 5500 (Life Technolo-
gies) platform using the SOLiD EZ Bead E80 System and SOLiD ToP
Sequencing Kit, MM50 (Applied Biosystems). Read mapping was
performed using Bowtie software. Quantitative analysis was per-
formed using R packages as previously described [2].
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Absolute transcript abundances were measured as described in
Ref. [11] using the QX100 system (Bio-Rad). RNA and DNA copy
numbers were measured using ddPCR and normalized to the
sample volume of cell culture. The total abundance of 94 transcripts
was measured. Copy number data were used to build a calibration
curve with the previously obtained RNA-seq coverage of the total
transcriptome [2] by linear regression.
2.6. Protein extraction and trypsin digestion
The protein extraction procedure from ribosomal fractions and
trypsin digestion were described in detail in our previous work
[22]. Brieﬂy, proteins were precipitated with trichloroacetic acid
(TCA) (ﬁnal concentration of 10% (v/v), Sigma-Aldrich) at 4 C
overnight. Next, themixturewas centrifuged for 15min at 16,000 g,
and the pellet was washed twice with 1 ml of cold acetone (Pan-
creac) to remove residual TCA. The protein pellet was resuspended
in 25 ml of 50 mM ammonium bicarbonate (Pancreac) containing
0.5% (w/v) RapiGest SF (Waters) and 1 ml of Nuclease Mix (GE
Healthcare). The mixturewas incubated at 4 C for 30 min and then
at 100 C for 5 min, followed by the removal of insoluble material
by centrifugation at 16,000 g for 10 min. The supernatant was then
collected, and the protein concentration in each sample was
determined utilizing the Bicinchoninic Acid Protein Assay Kit
(Sigma-Aldrich). Disulﬁde bonds were reduced with dithiothreitol
(ﬁnal concentration of 10 mM, Bio-Rad) at 60 C for 30 min and
were subsequently alkylated with iodoacetamide (ﬁnal concen-
tration of 30 mM, BioRad) at room temperature in the dark for
30 min. Upon alkylation, trypsin (Trypsin Gold, Mass Spectrometry
Grade, Promega) was added to sample at a ratio of 1:50 (trypsin:-
protein; w/w). Digestion was performed for 16 h at 37 C and was
stopped by the addition of triﬂuoroacetic acid (Sigma-Aldrich) to
pH ¼ 2. To remove the remaining protein, RapiGest SF was incu-
bated with the sample for 45 min at 37 C and centrifuged
(15 min at 16,000 g). For further LC-MS experiments, tryptic digests
were desalted by solid phase extraction utilizing Discovery DSC-18
tubes (Supelco) according to the manufacturer's protocol.
2.7. LC-MS/MS analysis
LC-MS experiments were performed using a TripleTOF 5600þ
mass-spectrometer equipped with NanoSpray III ion source (AB
Sciex) coupled to a NanoLC-Ultra 1D plus high-performance liquid
chromatography (HPLC) system (Eksigent) conﬁgured in trap-elute
mode. The samples were loaded onto a reversed phase trap column
(10  0.1 mm) packed in-house with C18 resin (Aeris PEPTIDE XB-
C18 with 2.6 mm particle size; Phenomenex) at a ﬂow rate 3.5 mL/
min of mobile phase A (98.9% water, 1% methanol, 0.1% formic acid
(v/v)) and then eluted through a reversed phase HPLC column
(1500.075 mm) packed with the same C18 resin. For elution, a
linear gradient from 95% mobile phase A and 5% mobile phase B
(0.1% formic acid in acetonitrile (v/v)) to 40% mobile phase B over
120minwas applied at a ﬂow rate of 0.3 mL/min. Parameter settings
for the TripleTOF 5600 mass spectrometer were as follows: ion
source gas 1 of 6 psi; ion spray voltage of 2.5 kV; curtain gas of 25
psi; and interface heater temperature of 150 C. All data were ac-
quired utilizing the information-dependent acquisition (IDA) mode
with Analyst TF 1.7 software (AB Sciex). Each IDA experiment
included 1 survey (MS1) scan followed by 50 dependent MS/MS
(MS2) scans. MS1 acquisition parameters were as follows: mass
range for analysis and subsequent ion selection for MS2 analysis of
300e1250 m/z and a signal accumulation time of 250 ms. For MS2
analysis, ions with a charge state from þ2 to þ5 and intensitygreater than 100 cps were selected. MS2 acquisition parameters
were as follows: resolution of quadruple of 0.7 Da; measurement
mass range of 200e1800 m/z; optimization of ion beam focus was
adjusted to obtain maximal sensitivity; signal accumulation time of
50ms for each parent ion. Collision activated dissociation (CID) was
performed with nitrogen gas, with the collision energy increasing
from 25 to 55 V within a 50 ms signal accumulation time. The
parental ions that had already been selected for MS2 analysis were
sent to a dynamic exclusion list for 15 s.
2.8. Protein identiﬁcation and quantitation
Raw data ﬁles (.wiff ﬁle format) were processed with Protein
Pilot Software 4.5.1 revision 2768 (AB Sciex) utilizing the Paragon
algorithm 4.5.1.0 revision 2765 (AB Sciex) to create. group format
ﬁles. A search was performed against the database containing 831
M. gallisepticum S6 proteins (NCBI genome accession CP006916.2,
UniProt proteome accession UP000018735) supplementedwith the
sequences of common contaminants. The search criteriawere set as
follows: cysteine alkylation by iodoacetamide; trypsin digestion;
instrument TripleTOF 5600; and a thorough search with additional
statistical false discovery rate (FDR) analysis. To exponentially ac-
cess relative protein abundances, the modiﬁed protein abundance
index (emPAI) [23] was calculated. To accomplish this task,.group
ﬁles with results were converted into re-calibrated Mascot Generic
Format (mgf) ﬁles by Protein Pilot and were again searched against
the same database using Mascot Server 2.2.2 (Matrix Science Inc.).
The following parameters of identiﬁcation were used: instrument
QTOF; carbamidomethyl (C) and oxidation (M) were set as variable
modiﬁcations; maximum of one missed cleavage; precursor-ion
charge state was limited to þ2 or þ3; peptide mass tolerance of
10 ppm; and fragment mass tolerance of 0.5 Da. Peptide scores
greater than 6 were assumed to be signiﬁcant.
For quantitative proteomics, we used emPAI and MS1 quantiﬁ-
cationmethods. In total, we used two biological replicates with two
ribosomal fraction replicates. Protein abundance in each sample
was estimated using emPAI and was calculated using the Mascot
build-in algorithm. Then, the emPAI values were normalized ac-
cording to the following procedure:
1) The normalization factor for each experiment was calculated
using the following equation:
Fnorm ¼ KPn
i¼0 emPAIi
;
where Fnorm is the normalization factor, and K is selected to be 200
to make the normalization factor close to 1.
2) All emPAI values were multiplied by the respective normaliza-
tion factor.
Statistical signiﬁcance of the differences in protein abundance
were evaluated with Welch's t-test, and a difference was consid-
ered signiﬁcant if the corresponding p-value for samples with an
emPAI above zero was below or equal to 0.05. In addition, a dif-
ferencewas considered signiﬁcant if the corresponding proteinwas
identiﬁed in at least 3 samples for one group and no more than 1
sample in the other.
For label-free quantitation, raw MS (.wiff ﬁles) data ﬁles were
processed using Progenesis LC-MS software v.4.1 (Nonlinear Dy-
namics, Newcastle, UK). The reference LC-MS/MS experiment was
automatically selected by the software. Further manual alignment
was applied to ﬁx mismatched and unmatched features. Peaks
were picked by the software using a default setting and ﬁltered to
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result of peak detection is a set of features, and each feature rep-
resents a peptide. The abundance of a distinct peptide was the sum
of the peak areas within the feature. Furthermore, the top 15 MS/
MS spectra for each featurewere exported inMascot generic format
using Progenesis LC-MS. Then, Mascot searches were conducted
against the M. gallisepticum S6 database. The Mascot decoy data-
base analysis was used, and the false discovery rate was 2.3%,
whereas individual ion scores higher than 5 indicated identity or
extensive homology (p < 0.05). Mascot search results were expor-
ted in XML format and uploaded in Progenesis LC-MS. Features
werematched to peptides, and protein abundances were quantiﬁed
and normalized using the software. The expression level of each
protein was calculated as the sum of its peptide abundance. Pro-
teins whose abundance was calculated using two or more peptides
were used for comparative analysis. The differentially expressed
proteins were considered to be statistically signiﬁcant with a p-
value < 0.05. For statistical analysis, two-sided unpaired Student's
t-test was used.
2.9. Data access
Deep-sequencing (translatomics) data were uploaded to the
NCBI SRA database, accession number PRJNA301561.
3. Results
3.1. Under exponential growth translation is proportional to
transcription
Under exponential growth, mRNA abundance in the ribosome-
bound pool of mRNA (RB-mRNA) showed a correlation of 0.87
with the total RNA pool (Fig. 1A, Supplementary Table 1). Correla-
tion between RB-mRNA level and protein abundance in the total
proteome measured by emPAI was 0.61. Major transcripts fall into
two subgroups: overrepresented and slightly underrepresented in
RB-mRNA in comparison to total mRNA.
To investigate which mRNA properties guide its binding to the
ribosome, we calculated the dG of secondary structure formation in
a sliding window of 30 nt near the start-codon (region 50 e þ14,
Supplementary Table 2). We demonstrated that the correlation of
mRNA abundance in ribosome-bound fraction with secondary
structure stability showed a peak at the26 -þ4 region around the
start codon (Fig. 1B). The less stable the secondary structure is
around the start codon, the more abundant the mRNA. The total
mRNA abundance demonstrated a similar trend with slightly lower
correlation (0.25 and 0.22 respectively).
We used previous data [2] to identify how complementary in-
teractions between 16S rRNA and the 50-UTR of mRNA (RBS
strength) inﬂuence ribosome binding. Previously, we identiﬁed
that the RBS in M. gallisepticum is longer (AGAAAGGAGG,
Supplementary Fig. 1) than the typical bacterial consensus
sequence (AGGAGG). We used Gibbs free energy (-dG) of duplex
formation between ﬁrst 25 nt of 50-UTR and extended anti-Sine-
Dalgarno sequence as metrics for RBS strength. Correlation be-
tween RBS strength and RB-mRNA abundance was 0.23, which is
not much higher than the correlation with mRNA abundance in the
total pool (0.20). Genes with stronger promoters tend to have
stronger RBSs near CDSs and vice versa. We identiﬁed an additional
determinant of ribosome binding located within the spacer be-
tween the RBS and start-codon (Fig. 1C). The correlation between
the respective motif weight and the transcript abundance in RB-
mRNA was 0.12.
We built a model of mRNA to ribosome binding using the
multiple regression method (Fig. 1D and E). We used mRNAabundance, RBS strength, stability of secondary structure near RBS
and GC content of the transcript to predict its abundance in the RB-
mRNA pool. As a result, we explained 72% and 38% of total variance
in exponential growth and heat stress conditions, respectively. The
model shows that under the heat stress, RBS strength is an even
more important factor than mRNA abundance. Accounting for ab-
solute copy abundance results of near 200 CDSs per cell (per one
copy of the genome) in the mRNA pool. The estimated ribosome
count per cell is approximately 300 per cell (calculated as rRNAs
copy number per genomic DNA). Therefore, the amount of tran-
scribed genes and the amount of ribosomes in M. gallisepticum is
well-balanced.
3.2. Adaptive and noise-like responses demonstrate different
patterns
Earlier we demonstrated that heat stress results in drastic
changes of theM. gallisepticum transcriptional landscape [2]. At the
same time, only a few changes were transferred to the translational
level. Correlation between transcription and translation during
heat stress decreased from approximately 0.6 to approximately 0.3
[2]. This phenomenonmay have several explanations, including the
selectivity of ribosome binding and the general arrest of trans-
lation. To elucidate the cause, we performed ribosome proﬁling
under heat stress conditions (30 min stress at 46 C as described in
Ref. [2]). In general, transcript abundance patterns in RB-mRNA
under heat stress were more similar to the patterns under control
conditions rather than those under stress (Fig. 1). In total, 256 CDSs
signiﬁcantly (q-value<0.05 and fold change>2) changed their
abundance in RB-mRNA (Supplementary Table 1). We clustered
mRNAs into those whose change pattern was similar in the total
and ribosome-bound fractions and those whose changes were
opposite. The largest portion of mRNAs demonstrated the same
pattern in both fractions (131 out of 256 CDSs in RB-mRNA).
Opposite trends were demonstrated with only 18 transcripts.
Other transcripts were signiﬁcantly up- or downregulated in only
the ribosome-bound fraction and did not change signiﬁcantly in the
total fraction.
Under heat stress, we observed the widespread downregulation
of highly abundant transcripts in RB-mRNA and the upregulation of
low abundance transcripts as a systemic event (Fig. 2B and C). This
phenomenon is similar to our previous observations regarding the
total mRNA level. Signiﬁcant segments of CDSs upregulated in RB-
mRNA were relatively short (30 out of 86 were fewer than 300 b.p.
and only 15 exceeded 1000 b.p.). The average length of upregulated
CDSs was 700 b.p., whereas the average length of the remaining
CDSs was 1160 b.p. (t-test, p-value<0.05). Several upregulated short
CDSs represent parts of disrupted larger genes. Correlation of CDS
upregulation with its length was 0.31 in total RNA and 0.56 in
RB-mRNA. If we considered only the CDSs upregulated in both total
and RB-mRNA, the correlation values were 0.22 and 0.63,
respectively. In conclusion, short CDSs are more likely to be upre-
gulated than regular CDSs. To determine whether this effect exists
in other bacteria, we used transcriptomics data to assess heat stress
in Streptococcus thermophilus [4]. We found no correlation (0.04)
between CDS length and fold change. This massive upregulation of
short CDSs again raises the question of a noise-like response.
Previously, we identiﬁed 430 CDSs that are differentially
expressed in the total mRNA population during heat stress [2].
These CDSs cover a broad range of functions, most of which are
poorly related to survival under heat stress. Widespread upregu-
lation of the noise-like (non-coding and from cryptic promoters)
transcription casts even more doubt on the adaptive value of the
observed changes. Because adaptive changes are present as well,
distinguishing between adaptive and noise-like responses remains
Fig. 1. A e Spearman correlation of biological replicates (two for total and three for ribosome-bound RNA) of the translatome and the transcriptome samples. Respective biological
replicates under each condition clustered together. Translatome under the heat stress is more close to total mRNA control rather than heat stress. B e Spearman correlation of
ribosome-bound mRNA abundance with the structure in 50-UTR. Correlation was calculated within the 30 nt sliding window in 50 e þ14 region relatively to start-codon. C e A
novel motif identiﬁed just upstream to the start-codon within the spacer to the ribosome-binding site. KL divergence is KullbackeLeibler divergence used as a metric to identify
conservation of the given nucleotide in the particular position. D, E  prediction of ribosome-bound mRNA abundance by multiple regression models in exponential growth and
heat stress respectively. Spacer emotif displayed on C. Asterisks show the statistical signiﬁcance of the respective factor, three asterisks correspond to p-value <0.01, two indicate p-
value <0.05. The last bar (RB-mRNA abundance) shows the amount of correctly predicted abundances in the RB-mRNA, e.g. predictive power of the model.
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The abundance of the majority of transcripts in mycoplasmas is
lower than one copy per cell [11]. We used these data to calibrate
transcriptome absolute abundance to the copy number (Fig. 2A,
Supplementary Table 3). As a result, we measured the stress
response in 2 dimensions: fold change and absolute abundance
(Fig. 2B). This approach enables identiﬁcation of a small but distinct
cluster of genes that are upregulated from the level signiﬁcantly
below one copy per cell to a level of one copy or more per cell. This
phenomenon seems to have a simple explanation. All cells are
equally exposed to the stress; therefore, the adaptive genes should
be expressed in any cell. If the gene is signiﬁcantly upregulated, but
the transcript abundance is still much lower than one per cell, the
gene is most likely not involved in adaptive response. Of course,
this effect is true for relatively short times of stress, when transcript
abundance is not signiﬁcantly affected by the difference between
mRNA and protein stability.
In total RNA, there are only 23 genes that upregulate to one per
cell level under heat stress, which is nearly 10-fold less than if we
do not take into account absolute abundance. These genes code for
chaperones (4 genes), cell division proteins (4 genes), ribosomal
proteins (2 genes) and other proteins with unclear functions. The
changes observed in the ribosome-bound pool of mRNA (RB-
mRNA) are even less. Only 9 out of 23 genes that are upregulated to
one per cell in total RNA are signiﬁcantly upregulated in RB-mRNA.We propose that these genes feature the most adaptive value to
M. gallisepticum. Functional repertoire of this small set of genes is
likely unusual. There is only one chaperone gene clpB, 3 out of 4
genes belonging to a cell division cluster (mraZ, mraW and ftsZ), 3
genes related to protein M from M. genitalium [24] and two genes
with totally unknown function. From a structural point of view, the
cell division cluster and protein M-related genes form two operons
and represent single mRNAs. Other genes are not located within
any operons. If we consider the absolute level of transcripts in RB-
mRNA, the only gene that is highly abundant and signiﬁcantly
upregulated in stress is clpB. Among the remaining genes upregu-
lated in total mRNA,10 do not pass the criteria of signiﬁcance in RB-
mRNA, and the other 4 demonstrate opposite trends.
Adaptive function of the ClpB chaperone under heat stress is
clear, as the protein works as a disaggregating and refolding ma-
chine [25]. Protein M-related genes include GCW_93958,
GCW_93946 and GCW_93948. They are organized into a cluster
with 4 other protein M homologs. Genes GCW_93958 and
GCW_93946 are homologous to the IgG-binding domain of the
protein M from M. genitalium but lack the membrane domain. In
laboratory strains S6, R(low) and F, they are two or three separate
CDSs, but in wild-type M. gallisepticum, they form a single CDS.
Protein M blocks the antigen-binding domains of IgG and may be
involved in the pathogenicity and/or the immune response evasion
[24]. GCW_93958 and GCW_93946 are followed by a short CDS
Fig. 2. A e Calibration of total transcriptome normalized coverage per copy per cell values. Copy number of 94 mRNAs for the calibration was measured by ddPCR. B e Log-fold
change of mRNAs in the ribosome-bound fraction under heat stress plotted versus absolute abundance of respective mRNAs in total pool of mRNA under heat stress. Gray lines show
initial abundance under the exponential growth. C e Log-fold change of mRNAs in the ribosome-bound fraction under heat stress plotted versus absolute abundance in the
ribosome-bound mRNA. The highest upregulation is demonstrated by transcripts with very low initial abundance. D e Proteins abundance in total and ribosomal proteomes. E 
Correlation between changes on the levels of ribosome-bound mRNA and protein. Points show the ribosome-bound RNA and protein levels under heat-stress condition. Tracks
demonstrate initial levels under control conditions. Track trajectories demonstrate synchronization between changes of ribosome-bound RNA and proteins.
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conserved among theM. gallisepticum strains. Upregulated proteins
with unknown function include a conserved putative membrane
peptidase GCW_03070 and a short ORF GCW_02935 (51 a.a.).
To determine whether this bimodal response occurs in other
species, we used transcriptomics data for M. pneumonia (project
ERP011218 on European Nucleotide Archive). As we described
above, the transcriptional response for M. gallisepticum follows a
similar but less pronounced bimodal pattern. M. pneumoiae heat
stress of 60 min is close to 5 min of stress in M. gallisepticum. A
bimodal pattern under these conditions is retained in both bacteria
(Supplementary Fig. 1); however, a noise-like response is signiﬁ-
cantly lower. “Adaptive” cluster under these conditions is formed
solely by 3 chaperones and 3 ribosomal proteins inM. gallisepticum
and 2 chaperones and HPr protein in M. pneumoniae. The most
likely stress dose in our 30 min experiment was higher.3.3. Transcription terminators play a role in the regulation of
ribosome-bound mRNA
Using previous data [2], we identiﬁed if the transcription level of
a particular CDS under stress is more controlled by the promoter
(own or of previous CDSs) or terminator of a previous CDS. We
identiﬁed that 40% of CDSs upregulated both in the total and RB-
mRNA are regulated by terminators rather than promoters(Supplementary Table 1). This effect of terminator-dependent in-
crease of the RB-mRNA level was observed only for RNAs with low
initial abundance, indicating that these CDSs likely do not have a
special mechanism to promote their binding to ribosome, but un-
der stress, are transcribed as one mRNAwith previous CDSs. Even if
such mRNA does not enhance its binding to ribosome, its extension
with an additional CDS will increase the abundance of the added
CDS in the ribosome-bound fraction. In contrast, this effect was not
observed for downregulated transcripts, which are regulated pre-
dominantly by their respective promoters.3.4. Gene expression changes are coordinated in RB-mRNA and
protein levels
To elucidate the ribosome composition, we performed quanti-
tative proteomic analysis of mRNA-bound ribosomes under control
and heat stress conditions (Supplementary Tables 4 and 5).
Respective proteomes contained both structural constituents on
the ribosomes and proteins that are being translated. Our approach
allowed us to identify proteins whose translation was altered
during heat stress. However, only changes in major proteins were
detected. Using emPAI, we identiﬁed 16 non-ribosomal proteins
whose changes were signiﬁcant at both the RB-mRNA and protein
levels (Supplementary Table 4). MS1 quantiﬁcation resulted in 5
non-ribosomal proteins with signiﬁcant changes at both levels
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were also found using the emPAI approach. Changes of 13 out of 16
non-ribosomal proteins quantiﬁed by emPAI and all quantiﬁed by
MS1 demonstrated a trend of same direction with RB-mRNA. All of
the proteins, except ClpB, underwent downregulation. This obser-
vation supports the general tendency of highly abundant tran-
scripts to downregulate in RB-mRNA (Fig. 2E). ClpB upregulation
was found at both the RB-mRNA level (2.8-fold) and the protein
level (2.9-fold). Three proteins with oppose trends were detected at
low levels; therefore, these changes may not be biologically rele-
vant. Ribosomal proteins that change abundance in the ribosomal
fraction seem to behave independently at the respective mRNA
level (Fig. 2E).
3.5. Ribosomes undergo reorganization under heat stress
We performed quantitative proteome analysis of
M. gallisepticum ribosomes under control and stress conditions to
study their structural components (Supplementary Tables 4 and 5).
Additionally, our method allowed the quantiﬁcation of translated
proteins because they remained associated with the ribosomes. We
were able to identify all but one ribosomal protein (L36) as well as
the elongation factors Ef-Tu, EF-Ts, EF-P and trigger-factor in the
ribosomal proteome. However, a set of proteins were identiﬁed that
are not involved in translation but were abundant within the
ribosome fraction. To identify if they are being intensely translated
or are structural components of the ribosome, we compared their
abundance with the abundance in the total proteome, and the ri-
bosomal proteins formed a distinct cluster (Fig. 2D). We identiﬁed
that nearly all non-ribosomal proteins were underrepresented
within the ribosomes in comparison to the total proteome, which
indicates that they are not ribosomal components but are actively
translated. The only exceptionwas the HU-protein. To identify if the
HU-protein was bound to mRNA or to the ribosome itself, we per-
formed proteomic analysis of free ribosomes.We identiﬁed that the
HU-protein was highly abundant within the fraction of free ribo-
somes. These data support previous ﬁndings that the HU-protein
binds to ribosomes in different bacteria [26].
Heat stress resulted in changes of the structural components of
the ribosome. The most drastic event was downregulation of the
ribosome-associated HU-protein (4.7-fold by MS1 and 7-fold by
emPAI). The abundance of several ribosomal proteins also changed.
Considering only the changes conﬁrmed by both methods, we
found a 1.5-fold upregulation of S3 and L29 and a 3-fold down-
regulation of L9 according to MS1 quantiﬁcation.
4. Discussion
Under exponential growth, the amount of transcribedmRNA is a
major determinant that guides it to ribosomes. RBS strength and
structures in the 50-UTR inﬂuence ribosome binding in a limited
fashion. Heat stress signiﬁcantly impacts both total and RB-mRNA.
In both cases, trends of downregulation of high abundance tran-
scripts and upregulation of low abundance transcripts were
observed. At the level of RB-mRNA, these altered levels lead to the
massive upregulation of short CDSs, which are appended to the 30
tails of the larger transcripts as a result of the decrease in termi-
nator efﬁciency. This phenomenon is systemic and seems to be a
type of noise-like response. In this case, the cell needs to cope with
this likely non-adaptive response and to promote the adaptive one.
Comparison of the upregulation of low abundance and short CDSs
with the copy per cell values demonstrates that this phenomenon
has a very small impact on translation. Respective transcripts, even
those that are upregulated, remain signiﬁcantly lower than one per
cell and most likely contribute at only a minor level to theadaptation (either positive or negative).
Under the heat stress, the role of mRNA abundance decreases,
whereas the importance of RBS strength remains near the same.
Therefore, we propose that transcripts signiﬁcantly upregulated at
the RB-mRNA level should feature both upregulation to the level
near one copy per cell or higher at the level of transcription and
strong RBS. At a systemic level, the heat stress response at the RB-
mRNA level is more similar to buffering rather than to selective
binding. The fold change direction is mostly the same at the total
and levels, but the amplitude is much lower in the RB-mRNA
population.
Whether the downregulation of high abundance and the upre-
gulation of low abundance transcripts during the stress are mech-
anistically linked or are a cause and a consequence remains an
interesting question. One can speculate that when transcripts
compete for the ribosome binding, low abundance transcripts win
the competition under heat stress, reducing the amount of available
ribosomes. However, the absolute amount of high abundance
transcripts is too large for low abundance transcripts to be real
competitors; therefore, the low abundance transcripts can reduce
the pool of available ribosomes only slightly. Most likely, the
downregulation of the high abundance transcripts occurs ﬁrst,
resulting in the increase of the pool of free ribosomes, which now
are able to bind minor transcripts. As we demonstrated, ribosomes
undergo structural rearrangement in heat stress. The most notable
event is dissociation of the HU-protein; therefore, we hypothesize
that this rearrangement may contribute to the afﬁnity of ribosomes
to mRNAs. It was demonstrated that HU protein may recognize
structures within RNA with high afﬁnity. It binds hairpin structure
in RpoS mRNA [17] and DsrA non-coding RNA [27] of E. coli. The
nucleic acid-bindindmotifs of HU-protein and ribosomal protein S7
demonstrate high similarity [28]. Hence HU protein may recognize
structural motifs within rRNA and contribute to the function of
ribosome as do ribosomal proteins. For example, ribosomal protein
S1 alters translation by aiding initiation on RBS's with secondary
structures [19].
Our observations indicated that there are two modes of
response on the level of gene expression in M. gallisepticum. One
represents adaptive response and another represents noise-like.
We proposed that the difference between adaptive and noise-like
response is in the absolute value of the transcripts under a given
condition. This approach reveals very small cluster of genes that are
seemingly involved in the “true” adaptive response. In the short-
term, heat stress chaperones are the most induced genes in
M. gallisepticum [2]. Their response is fast as well and peaks after
5min of stress. Prolonged stress results in the upregulation of genes
(of the adaptive cluster) that are not involved in the response to
heat stress itself. However, a long-term temperature upshift seems
to be a physiological response to a pathogen of warm-blooded
animals. Only the ClpB chaperone has a known adaptive value
under heat stress. Upregulation of immunoblocking-like proteins
may be adaptive for mycoplasma taking into account its parasitic
lifestyle. Temperature increases in warm-blooded animal indicate
inﬂammation and consequent immune response; however, the
exact function of these proteins remains unknown. Nevertheless,
the direct blocking of the immune response as well as a regulation
or signaling may be the functions of these proteins. Two short CDSs
(45 and 51 a.a.) are upregulated in M. gallisepticum in the adaptive
mode. The role of short CDSs (excluding ribosomal protein) in
bacteria is only now being elucidated. A recent study indicated that
short CDSs may be essential or have a ﬁtness cost in another
Mollicutes class bacterium, M. pneumonia [8]. The observed upre-
gulation of division and cell wall (DCW) cluster is obscure. Proteins
of this cluster such as FtsZ may contribute to cell shape reorgani-
zation. An autoactivation feedback may be induced after an initial
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tion of MraZ. Furthermore, MraZ overexpression led to the DCW
cluster activation [29]. Maier et al. identiﬁed the upregulation of
MraZ in M. pneumoniae under stress [9]. In general, the heat stress
response ofM. gallisepticum demonstrates speciﬁcity to a particular
niche.
Whether changes observed in the pathway of genetic informa-
tion transfer in mycoplasma are more “junk” or adaptive remains
unknown. Gene expression regulation under stress in well-studied
bacteria such as E. coli and B. subtilis generally involve changes in
orders of magnitude. In M. gallisepticum and other mycoplasmas,
fold change at the transcriptional level rarely exceeds one order of
magnitude, whereas for most of the transcripts, the fold change
varies from 2 to 4. Changes that are observed in a tube may seem
useless in terms of adaptation. At the same time, a real environ-
ment provides a much more complex challenge to a bacterial cell
than is able to be modeled in the laboratory. Price et al. [3]
demonstrated that a suboptimal stress response occurs in
S. oneidensis, a bacteriumvery distant toM. gallisepticum. Therefore,
the “junk” response may serve certain purposes that are not un-
derstood without the context of the real niche of the bacterium. At
increased translation of minor transcripts of signiﬁcantly less than
one per cell abundance may lead to the increased heterogeneity of
the population in a short term period. Over a longer period of time,
more cells will have a given minor transcript at a speciﬁc moment.
This heterogeneity may help adaptation at the population level by
random generation of multiple phenotypes, some of which may
become more resistant to stress [30].
One can speculate that there are two modes of regulation. One
involves signiﬁcant changes and can be termed as “true” regulation,
and this mode of regulation relies on speciﬁc regulatory proteins.
The other mode involves small changes and is more like ﬁne tuning.
This type of regulation is mediated by a set of weak determinants in
either the genome or transcriptome. The ﬁrst mode mediates
adaptation via acquisition of new function by de novo synthesis of
proteins and protein complexes. The second mode seems to rely on
the remodeling and tuning of existing protein complexes. In
“normal” bacteria, adaptation is preferably achieved via the ﬁrst
mode. The second mode may be masked in the background of large
changes or at least attract much less attention. In genome-reduced
bacteria, the second seems to be the primary strategy of adaptation
as a result of either low metabolic or genomic capacities.
5. Conclusions
Stress response in M. gallisepticum produces signiﬁcant amount
of transcriptional noise, but only RNAs coding for adaptive proteins
predominantly enter translation. This phenomenon partially relies
upon absolute copy number of transcripts which is speciﬁcally
attenuated to the appropriate level under the stress. Sole account
for the fold change or absolute abundance cannot reveal this effect.
The most highly upregulated transcripts in heat stress represent
noise.
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